Possessing excellent lattice matching, 2D hexagonal SnX2 and InSe have very good potential compatibility in sequentially grown superlattices or van der Waals heterostructures (vdWh). Such a combination, could offer interesting optical and electronic properties, owing to the close values of band-gaps resulting in a high possibility of intra and inter-band transitions among the two different materials.
In this work we look to investigate SnX2-InSe vdWh from first principle density functional theory (DFT) simulations. We identify the most stable stacking of the vdWh lattice and thereafter calculate the electronic properties and various optical properties as joint density of state (JDOS), complex dielectric functions and energy loss spectra (theoretical electron energy loss spectra or EELS), of the same. Also we investigate the carrier transport properties in such vdWh by means of non-equilibrium Green's function (NEGF) simulations.
II. Methodology
We employ generalized gradient approximation (GGA) calculations with Perdew-Burke-Ernzerhoff (PBE) exchange and correlation functional [13] in the Quantum ESPRESSO package [14] . The vdWh unit cells consisting of SnX2-InSe had 15Å vacuum gap, and they were sampled with a 9x9x1
Monkhorst-Pack [15] k-point grid, with a cutoff energy of 150Ry. The Davidson diagonalization algorithm [16] was used in the calculations, with convergence threshold of 10 -7 Ry. The fhi88pp norm-conserving basis sets of Troullier-Martins type [17, 18] were used in the calculations. The van der Waals corrections were included by the Grimme's DFT-D2 method [19] and the structures were relaxed with Broyden-Fletcher-Goldfarb-Shanno (BFGS) algorithm [20] for variable cell relaxation to a pressure convergence threshold of 0.5kBar and with Hellmann-Feynman forces reduced to less than
-4
Ry/Bohr.
The optical spectra of the systems were calculated with the random phase approximation (RPA) approach, as implemented in the epsilon.x toolset [21] The joint density of states (JDOS) is defined as [21] ( )
V is the volume of the cell, ,  are states belonging to conduction and valence bands respectively, , k E are the eigenvalues of the Hamiltonian and (.) f is the Fermi distribution function. The Dirac delta function is approximated by a Gaussian distribution, normalized to one [21] ( )
 is the broadening parameter. The complex dielectric function is given by [21] 2 ,  a,b  2  22  ,  ,1   2  a,b  ,  22 , , 
The energy loss spectrum (theoretical EELS count) is obtained from the imaginary part of the inverse dielectric tensor.
The transmission is calculated with the DFT-NEGF method [22] - [28] in QuantumWise ATK 2016.4 [26] , using similar DFT simulation parameters as with the Quantum ESPRESSO calculations. For the NEGF transport calculation, an FFT2D Poisson solver and Krylov self-energy calculator are employed in ATK. [26] - [28] The detailed DFT-NEGF transport calculation methodology is welldescribed in literature [22] - [28] The zero-bias transmission spectra were evaluated for both the zigzag and the armchair direction. The Green's function can be expressed as [22] - [28] 1
H is the Hamiltonian, and S is the overlap matrix.  is an infinitesimally small positive quantity. The self-energy matrices of the right/left contacts is R,L  and is related to the broadening matrix  as [22] - [24] (
The transmission can be calculated from the Green's function as [22, 23, 28] 
III. Results and Discussions
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The hexagonal monolayer SnX2 has the Sn atom sitting at the centre of edge sharing octahedral and lying between two layers of chalcogen atoms. Such a structure when combined with the corrugated surface of the InSe monolayer, presents various possible configurations. Considering the three high symmetry points in the hexagonal lattice and three dissimilar atoms in the SnX2 layer (in terms of element as well as position), and the corrugated nature of the InSe with two (chemically) distinguishable crystallographic positions, there can be in total 12 different possible structures of the SnX2-InSe vdWh. For ease of understanding the difference between subsets of the three different stackings, namely AA, AB and AC, we use a labelling scheme follows. The top chalcogen atom, bottom chalcogen atom and the metal atom in SnX2 as c1t, c1b and m1 respectively, whereas the top In atom and top Se atoms are labelled m2 and c2 respectively. From the point-of view of stacking, as the bottom In and Se atoms share the same in-plane co-ordinates, they need not be labelled differently to distinguish variations in stacking. In the current naming scheme AA-c1bc2-c1tm2, implies AA stacking with the c1b atom lying on top of c2 and c1t on top of m2. The optimized cell parameters of the different structures are provided in Table I . Of the different structures the AB-c1tc2-c1bm2 (which we will refer to in short as AB-1), is the most stable, for both SnS2-InSe and SnSe2-InSe vdWh structures. While there are other structures as well which differ only by a very small amount of energy in terms of stability, we look to focus mostly on the most energetically stable configuration in the further studies. From the bands in Fig. 2a , we see that the conduction band (CB) minima in both the vdWh are located at the M point of the hexagonal Brillouin zone. The PDOS plots in Fig. 2b show the vdWh conduction bands to be more influenced by the SnX2 layer. However for the valence band (VB) maxima, the
SnX2 contribution seems to depend on chalcogen of the top layer (X=S or Se). PDOS reveals that it is
InSe that has more contribution to VB edges in SnS2-InSe as compared to SnS2, while for SnSe2-InSe vdWh, it is SnSe2 which contributes more significantly to the VB states. These different type of contributions push the VB max upwards at Γ point in case of SnS2-InSe and somewhere between the K and Γ points for SnSe2-InSe vdWh.
The difference in the charge distribution or transfer in the two vdWh is investigated with electron density difference (EDD) analysis, presented in Table- II. The SnSe2-InSe vdWh is characterised by a significant decline in the JDOS around the 7-8eV energy range.
Fig 4:
The calculated imaginary part of the complex dielectric function of the SnX2-InSe vdWh.
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The imaginary part of the complex dielectric function ( 2  ), which can also act as a measure of optical absorption, is presented in Fig. 4 . These corroborate with the JDOS spectra discussed previously. The spike in available states in SnS2-InSe for transition around the 6.5eV mark, is also well reflected by the presence of a stronger response in this region by the SnS2-InSe vdWh, as compared to SnSe2-InSe vdWh. Here it must be mentioned that the results presented herein are based on a random-phase approximation (RPA) method as described by Benassi et. al. [21] . This implementation based on a multi-particle approach and offers superior accuracy over simulations with the single particle dielectric tensor. However it does not include the excitonic effects for which GW and Bethe-Salpeter Equation (BSE) calculations could yield better results. However with the present level of implementation, the results presented herein can be considered a good pointer towards the optical response of the vdWh systems under consideration. The theoretical EELS count is presented in Fig. 5 
IV. Conclusion
In this work by density functional theory simulations the structural, electronic and optical properties of bilayer van der Waals heterostructures made of 2D SnX2 (X=S,Se) and InSe were investigated.
Among the 12 different possible stacking combinations AB-1 stacking, was found to be the most stable for both the vdWh. The stable vdWh structures were thereafter studied for their bandstructure, 
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